Short day lengths induce gonadal regression within 6 weeks in Siberian hamsters, but this inhibitory effect eventually wanes and reproductive competence is regained after 4-6 months in short days. These experiments were undertaken to determine whether continuous exposure to short days for several months is necessary to induce neuroendocrine refractoriness, or if a few weeks of short days are sufficient to trigger processes that culminate in refractoriness several months later. Adult male Siberian hamsters transferred from their natal long-day photoperiod of 15L (15 h light/day) to a short-day photoperiod of 10L were pinealectomized (PINx) after 0, 6, 12, 21 or 40 weeks of exposure to 10L. Intact hamsters kept in 10L manifested gonadal regression by week 6 and completed gonadal recrudescence by week 40, at which time they too were PINx. Beginning at week 40 all hamsters were infused s.c. with melatonin for 10 h/day for 6 consecutive weeks. This treatment induces gonadal regression in photosensitive hamsters. At the end of melatonin treatment, maximal gonadal regression was recorded for hamsters PINx at week 0 and those PINx after 40 weeks in long days. Hamsters PINx after 40 week of short day treatment were completely unresponsive to melatonin whereas those PINx after 6 and 12 weeks had intermediate responses.
In mammals, seasonal reproduction is often timed so that of the dark phase (4) . Nightly melatonin secretion is therefore much longer under short days than long days (typically parturition and lactation coincide with annual peaks in food availability; this reproductive strategy is generally conceded 10-13 h/night vs 4-6 h/night, respectively (5, 6)), and provides a seasonally changing endocrine representation of ambito increase fitness in a seasonally fluctuating environment (1) . Seasonal changes in day length can function as proximate ent day length. In several rodent species, long (Á14L) day lengths stimulate cues for phasing annual patterns of mammalian breeding (2, 3) . Information provided by day length is transduced into and short (∏12L) day lengths inhibit reproductive activity (7) . Likewise, exogenous treatment with short-and longthe neuroendocrine axis via daily and seasonal changes in melatonin secretion by the pineal gland. Melatonin is secreted duration melatonin stimulates and inhibits reproductive physiology, respectively (8) . Regression of the testes, almost exclusively at night, and variations in day length entrain an endogenous rhythm of secretion in which elevated decreases in circulating androgens, and increases in negativefeedback sensitivity of gonadotropin secretion characterize melatonin production is directly proportional to the duration Correspondence to: Brian J. Prendergast, The Johns Hopkins University, Department of Psychology, 225 Ames Hall, Baltimore, MD 21218, USA (e-mail: brianp@jhunix.hcf.jhu.edu).
the response to short days observed in males of most longlent to that sufficient to elicit spontaneous recrudescence, then refractoriness would only be manifested by hamsters day breeding rodent species (9) . After prolonged (>16 weeks) exposure to inhibitory photoperiods, hamsters, in common that remained pineal-intact through the onset of recrudescence. If, on the other hand, the number of short day with voles and mice (10, 11) , spontaneously revert to a reproductively competent (i.e. long-day) phenotype (12, 13) .
melatonin signals sufficient to induce refractoriness is considerably lower than that necessary to cause spontaneous recruThis recovery is termed spontaneous recrudescence, as it occurs despite continued maintenance in photoperiods which descence, then hamsters that had been PINx weeks in advance of spontaneous recrudescence would nevertheless be refracwere previously non-stimulatory (14) . Unless first exposed to 10-20 weeks of long days, hamsters do not exhibit a second tory to melatonin several weeks later. bout of gonadal regression in short photoperiods (or in response to a short-day melatonin treatment regime) after Materials and methods spontaneous recrudescence (15, 16). The reproductive system is considered refractory to short days when a short-day Animals photoperiod previously sufficient to sustain regression of the Adult male Siberian hamsters (Phodopus sungorus) were housed in polypropygonads no longer does so (17) In the wild, long-day breeders undergo testicular regression (3-5/cage) until they underwent surgery (see below), after which they were in response to the short days of late summer and autumn; individually housed. gonadal and reproductive quiescence is maintained through Photic and surgical manipulations autumn and much of winter, but resumption of reproductive At 9-12 weeks of age (=week 0), hamsters were transferred to a 10L function begins in mid-to-late winter, while prevailing photophotoperiod ( lights on 08.00). Hamsters were PINx at week 0 (immediately periods are still too short to directly stimulate reproductive prior to transfer to 10L; Px0; n=17), week 6 (Px6; n=16), week 12 (Px12; development. Thus, refractoriness and spontaneous recrudesn=15), week 21 (Px21; n=10) or week 40 (Px40; n=15). Only hamsters cence are of considerable functional significance, responsible that manifested testicular regression ( Estimated Testis Volume <400, indicative of photoresponsiveness to 10L) by week 6 were included in the latter four for initiating the recovery of reproductive function that groups. Hamsters remained in 10L until week 40, at which time they were permits early spring breeding (18, 19) . Nonetheless, formal 14; P=0.40 vs week 30), ETV remained slightly lower than that of Px0 hamsters through week 40 (P<0.05).
Determination of refractoriness to melatonin
At week 40, hamsters were provided with long-duration melatonin infusions
Body weight responses
for 6 consecutive weeks to assess photoresponsiveness. This treatment produces gonadal regression in photoresponsive hamsters (8, 22) , defined as a
The pattern of changes in BW in response to short days and decrease of 48% in ETV between weeks 40-46 (16), as validated previously pinealectomy was similar to that obtained for ETV measures. (20, 25) . Hamsters that failed to meet or exceed this criterion were classified Pineal-intact hamsters underwent significant decreases in BW as unresponsive, or refractory, to melatonin. 
Gonadal responses
Weeks 40-46 One hundred and eleven hamsters that exhibited testicular regression (ETV<400) within 6 weeks after transfer to 10L
Gonadal responses All hamsters had completed gonadal recrudescence were assigned to treatment groups. Additional groups of hamsters were PINx at the time of transfer to 10L, or were (ETV>400) by week 40 (ETV mean±SEM=851.6 ± 16.1). Significant differences in paired testis weights were detected kept in long days. Testis sizes differed among treatment groups during the 40 weeks in the 10L photoperiod (F=19.8; after 6 weeks of daily 10 h melatonin infusions (F=10.4; d.f.=5,76; P<0.001). As expected, Px40 hamsters did not d.f.=48,816; P<0.001; Fig. 1 ). Px0 hamsters did not undergo gonadal regression in 10L. Px6 hamsters exhibited undergo testicular regression in response to melatonin treatment ( Fig. 2 ): testis weights among these hamsters exceeded substantial gonadal regression by week 6 (t=7.84; d.f.=15; P<0.001 vs week 0 value) which was sustained for several 600 mg after 6 weeks of infusions. In contrast, Px0 and longday control hamsters sustained substantial decreases in tesweeks, but by week 15 gonadal recrudescence was evident and ETV was elevated relative to week 6 values (t=4.30; ticular weights to #200 mg. Among hamsters PINx after 6, 12 or 21 weeks in 10L, PTW was directly proportional to the d.f.=15; P<0.001). At week 21 ETV for this group was indistinguishable from that of Px0 hamsters (P>0.10), indicnumber of weeks of short-day exposure they had received prior to pinealectomy (Fig. 2 ). ating that recrudescence had been completed. Px12 hamsters had regressed gonads at the time of pinealectomy, and Slight differences in ETV were detected between treatment groups after recrudescence was complete (on week 40): ETV regression was sustained for≤6 weeks after pinealectomy; significant increases in ETV were detectable by week 18 (t= of Px0 hamsters exceeded that of Px21 and Px40 hamsters (P<0.05, each comparison). To take into account individual 2.97; d.f.=14; P=0.01), and recrudescence was complete by week 24 (P>0.20 vs Px0). Px21 hamsters sustained gonadal differences in testis sizes before melatonin treatment, we computed individual changes in ETV (DETV ) between weeks involution until subjected to pinealectomy at week 21 Fig. 2 ). Hamsters that were pineal-intact through 40 weeks of 10L exposure (Px40) did not exhibit testicular regression Gonads of pineal-intact hamsters (Px40) remained photoregressed until approximately week 18, the first week at which in response to melatonin infusions, whereas hamsters PINx before exposure to 10L (Px0) exhibited significant reductions ETV significantly exceeded the previous week's value (t= 2.59; d.f.=14; P<0.05). Although gonadal growth in Px40 in ETV, as did long-day hamsters never exposed to 10L 
Refractoriness to melatonin
Measures of central tendencies of reproductive responsiveness to long-duration melatonin infusions may obscure individual responses to treatment. We therefore determined the propor- individual variance in testis size at week 40. All 15 Px40 hamsters failed to exhibit gonadal regression and were classified as refractory to melatonin, as were 90% (LDc; P>0.90 vs Px0). Px6 and Px12 hamsters manifested modest decreases in ETV that were significantly smaller than (9/10) of Px21 hamsters (Fig. 4) ; these proportions did not differ significantly (x2=1.6; d.f.=1; P>0.20). In contrast, those observed in the Px0 group, but over twice the magnitude of the decrease observed in Px21 hamsters (P<0.05, all 0/9 LDc hamsters and 3/17(18%) Px0 hamsters were refractory to melatonin treatments; these proportions likewise did comparisons). As a group, Px21 hamsters exhibited a slight decrease in ETV which was significant relative to the increase not differ from each other (x2=1. melatonin neither alleviates (26, 27) nor induces (present data) refractoriness in hamsters. We infer that the first few weeks of exposure to short days in the late summer trigger processes that eventually render a substantial proportion of individuals refractory to short days later in life, and that there are marked individual differences in the photic requirements for induction of refractoriness; exposure to short-day patterns of melatonin secretion throughout the winter appears to ensure refractoriness in all individuals. This is the first unconfounded demonstration that processes leading to refractoriness can be triggered by short-day exposure minimally sufficient to cause gonadal collapse. Previous attempts (17, 21, 28) allowed Syrian hamsters to undergo testicular regression and, after variable intervals in short photoperiods, premature recrudescence was induced with photoperiods in previous studies functioned to break refractoriness in an unsystematic manner. Thus the actual incidence of refractoriness induced by the short-day treatments was comparable to that observed in Px40 hamsters, and significprobably under-reported in these earlier studies. For example, antly greater than that of Px6 hamsters (x2=4.4; d.f.=1; when followed by ∏11 weeks of long days, 6 weeks of short P<0.05), but not different that of Px12 hamsters (x2=2.7; days were ineffective in inducing refractoriness in Syrian d.f.=1; P=0.10).
hamsters (17, 21 ), yet here we report 8/16 hamsters were refractory after 6 weeks of short-day melatonin. Though this Discussion may reflect a species difference, we propose that a proportion of hamsters in previous studies was rendered refractory by Siberian hamsters PINx after Á6 weeks in a short-day short-day exposure minimally sufficient to cause gonadal colphotoperiod failed to exhibit testicular regression or decreases lapse, only to have refractoriness broken by subsequent longin body weight when challenged with long-duration melatonin day treatments. It seems unlikely, though, that gonadal collapse infusions many weeks later. This suggests that as few as is causal in the induction of refractoriness, as hamsters with 6 weeks of short days are sufficient to render hamsters access to running wheels (which retards gonadal regression in refractory to short-day patterns of melatonin many weeks short photoperiods) still exhibited refractoriness (17), and later. In contrast, hamsters PINx before transfer to short hamsters in which testicular regression is masked (via NMDA days (Px0), like those never exposed to short days (LDc), injections) exhibit spontaneous recrudescence and become manifested substantial gonadal regression when challenged refractory to short days on an appropriate time course (30) . with 10 h melatonin infusions. Chronic exposure to short Nonetheless, the mere cessation of fertility was associated with days elicits gonadal regression, followed by spontaneous a profound incidence of refractoriness. The neuroendocrine gonadal recrudescence and subsequent refractoriness to short signal requirements for rendering hamsters refractory to meladays, the latter phenomenon inferred from a failure to tonin are achieved well in advance (Á3 months) of the manifest additional bouts of regression under the same short neuroendocrine events that initiate recrudescence. photoperiod (13, 14) . The pineal gland is necessary for short Early induction of refractoriness was not associated with days to induce refractoriness, as refractoriness was not heightened responsiveness to short days. BW and ETV observed in PINx hamsters exposed to short days for minima before pinealectomy did not predict whether an 40 weeks, consistent with the theory that it is the short-day individual would later be refractory to long-duration melapattern of pineal melatonin secretion that renders the brain tonin infusions. BW after recrudescence induced by pinealecrefractory to melatonin (17) .
tomy was higher at a few time points in refractory Px6 The incidence of refractoriness to melatonin increased in a animals, but the opposite relation obtained in Px12 hamsters, non-linear manner with increasing duration of pineal-intact and no such relation was observed between refractory and exposure to short days. As few as 6 weeks of exposure to responsive hamsters from other groups at similar time intershort days was sufficient to render half of the hamsters vals (data not illustrated ). Neither individual changes in testis refractory to melatonin 34 weeks later, yet an additional sizes in response to pinealectomy, nor testis sizes before 6 weeks of short-photoperiod treatment did not significantly melatonin treatments, was predictive of refractoriness. Across increase the incidence of refractoriness. Exposure to short groups, only the number of weeks of exposure to short days days for 21 weeks before PINx, however, rendered 90% of prior to pinealectomy was positively associated with refrachamsters refractory, and this rate did not differ from the toriness to melatonin. proportion that was refractory after 40 weeks in short days.
The extent to which variability in the induction of refracIt is unlikely that group differences in the melatonin-free toriness by short days was influenced by the abrupt transition intervals (following PINx) contributed in any meaningful way from a long to a short photoperiod remains unknown. On one hand, expansion in the duration of nightly melatonin to the observed incidence of refractoriness, as the absence of secretion probably occurs more rapidly in hamsters transferred abruptly from 15L to 10L than in hamsters exposed to a natural progression of decreasing day lengths (31). The resulting greater number of long-duration melatonin signals would presumably be more effective in inducing refractoriness. If, however, information contained in the rate of change in day length and melatonin secretion contributes to the induction of refractoriness, then exposure to a naturally decreasing photoperiod could be more effective than a static short day length in triggering refractoriness. Although the rate and direction of change in day length and melatonin secretion affect reproductive status (25, 32) , the extent to which such photic information influences the induction of refractoriness is presently unspecified.
Many individuals that had not yet exhibited spontaneous gonadal recrudescence prior to pinealectomy (in Px6, Px12, and Px21 groups) were nevertheless rendered refractory to melatonin by such short-day exposure. Indeed, Px6 hamsters were PINx # 12 weeks before undergoing gonadal recrudescence (as estimated by the onset of recrudescence in Px40 hamsters), yet fully 50% had already received a sufficient number of melatonin signals to incur refractoriness to melatonin. Several Px21 hamsters had initiated spontaneous gonadal recrudescence before undergoing the pinealectomy procedure (as had all Px40 hamsters), the overwhelming majority of which was refractory to the melatonin treatments at week 40; however, one Px21 hamster (no. 1795) had initiated testicular growth well in advance of week 21, yet was responsive to melatonin at week 40 (Fig. 5) . That most hamsters which had initiated spontaneous recrudescence were refractory to melatonin constitutes circumstantial evidence for a causal role of refractoriness to melatonin in spontaneous recrudescence, but does not force such a conclusion. The observation that one individual which had initiated spontaneous recrudescence was not refractory to melatonin does not compel rejection of the hypothesis that refractoriness to melatonin causes spontaneous recrudescence, but accounting for this individual, in terms other than as an existence-proof that spontaneous recrudescence is not caused by refractoriness to melatonin, is problematic. In Siberian and Syrian hamsters, refractoriness to a particular short photoperiod is not necessarily accompanied by refractoriness to shorter photoperiods (16, 33) . If this hamster regarded the 10 h melatonin infusions as equivalent to a photoperiod substantially shorter than responsible for inducing refractoriness (16) . Instead, these data suggest a role for short-day melatonin signals experienced after the onset of spontaneous recrudescence in the eous recrudescence with refractoriness. Clearly, many individuals had already met the photic requirements for eventual eventual induction of refractoriness. Melatonin signals received during the regression phase (first 6 weeks of shortrefractoriness by week 6, but had not yet initiated spontaneous recrudescence. The interval between photic triggering of day exposure) and the quiescent phase (weeks 6-20) both contribute, perhaps additively, to induction of refractoriness.
the refractory state and gonadal growth is not attributable to intrinsic time lag in the activation of gonadotropin secreAlthough refractoriness may be the cause of spontaneous recrudescence, caution is recommended in equating spontantion, which occurs within a few days in hamsters transferred
